Abstract. Lupins are high in crude protein, cell wall materials, and gross energy but uncertainty about the bioavailability of nutrients and adverse effects on feed intake limit their use in the pig industry. Three experiments were conducted to determine the effect of lupins on retention time in the digestive tract by determining the average time it took for ingested polyethylene beads to pass through the digestive tract of pigs fed wheat-based diets containing various lupin species and fractions. In Expt 1, pigs were restrictively fed (1.8 kg/day) diets containing either predominantly wheat or predominantly wheat plus 400 g/kg peas or L. angustifolius seeds or kernels. The retention times of diets containing 400 g/kg of L. angustifolius seeds or kernels were significantly greater than those containing wheat alone (66.4 and 64.3 v. 48.8 h, P < 0.05, s.e.d. = 7.7 h), while that for the diet containing 400 g/ kg peas was intermediate (55.8 h). In Expt 2 and 3, pigs were fed 1 of 6 wheat-based diets balanced for digestible energy (DE) and amino acid composition and containing either animal protein or 350 g/kg of peas, and L. angustifolius seeds or kernels, or L. albus seeds and kernels. Pigs were restrictively fed (1.5 kg/day) for Expt 2 or fed ad libitum for Expt 3. The mean retention time of the L. albus diets was greater than the other diets in both experiments. Feed intake and daily gain were reduced in pigs fed diets containing L. albus. Despite having lower feed intakes, pigs fed diets containing L. albus had more digesta in the stomach and small intestine at slaughter than the pigs consuming the diets not containing lupins. Appropriate physical treatment or enzymatic supplementation of L. albus diets may alleviate some of the feed intake problems.
Introduction
Lupins are high in crude protein, cell wall materials, and gross energy but uncertainty about the digestibility and bioavailability of macronutrients limits their use in the pig industry. In addition, a reduction in voluntary feed intake (VFI) has been occasionally observed in pigs consuming diets containing lupins (King 1981; Hale and Miller 1985; Godfrey and Payne 1987; Donovan et al. 1993 ). Of the two major lupin varieties available for use in the pig industry, Lupinus angustifolius and L. albus, the latter has a higher energy and protein content but also causes the greater reductions in VFI. Reasons for the reduction in VFI are still unclear but possibilities include high manganese levels, high alkaloid levels, low methionine levels, saponins, tannins, and high fibre contents (Dunshea 1997; van Barneveld 1999) .
Lupins contain considerable levels of non-digestible carbohydrates primarily in the form of non-starch polysaccharides (NSP) and raffinose oligosaccharides, while the levels of total and resistant starch and lignin are relatively low. L. angustifolius and L. albus contain approximately 230, 200, and 50 g/kg, and 170, 140, and 70 g/kg (air-dry) of neutral detergent fibre, acid detergent fibre, and oligosaccharides, respectively (Mackintosh 1994; Petterson et al. 1997) . The carbohydrate chemistry of lupins is unusual compared with other legumes in that they contain negligible levels of starch and high levels (up to 500 g/kg) of soluble and insoluble non-starch polysaccharides and oligosaccharides (Miao 1998) . For example, L. angustifolius may contain about 150 and 320 g/kg of soluble and insoluble NSP, respectively (Fernandez and Batterham 1991) . The hull is rich in insoluble NSP whereas the kernel contains more soluble NSP. Much of this NSP is indigestible in the stomach and small intestine.
Ileal digestibility of dry matter (DM) (66% for L. angustifolius) and energy (44% for L. angustifolius and 56% for L. albus) are relatively low, whereas apparent ileal digestibilities of nitrogen and amino acids are high (<85%) van Barneveld 1999) . However, faecal digestibilities of DM, energy, and nitrogen are very similar (<85%). Therefore, substantial fermentation occurs in the hindgut of pigs consuming diets with high inclusion rates of lupins (van Barneveld et al. 1995) or other NSP (Govers et al. 1999) . The NSP component of the lupin is implicated as being the fermentable substrate in the hindgut (van Barneveld 1999) . This increased fermentation may cause an increase in both empty and full colon weights and a reduction in dressing percentage (King et al. 2000) . It is possible that increased hindgut fermentation could be involved in the reduction of VFI during lupin feeding through either physically distending the colon, thereby delaying retention time (Cherbut et al. 1988) , or affecting absorption of VFA (Pinchasov and Elmaliah 1994) . The experiments described in this paper were conducted to determine the effect of lupins on digestibility and retention time of lupin diets in the gastrointestinal tract of pigs.
Materials and methods

Expt 1
Eight individually housed male pigs (45 kg) were randomly allocated to 1 of 4 diets (Table 1) for a 14-day period. All wheat, lupins, and peas used in these studies were hammer-milled to similar particle sizes using a 0.6-mm screen. For each treatment period the pigs spent the first 4 days in an individual pen followed by 10 days in a metabolism cage. After 2 and 4 weeks the diets were re-randomised so that for each diet there were 6 replicates. Pigs were offered 1.8 kg/day of each diet throughout the 14-day period. This level of feeding was chosen as the maximum amount that every pig would consume within 4 h. After 1 day in the metabolism cages the pigs were given 30 g of yellow polyethylene beads (Hoescht Chemicals; 2.5 mm high by 1.5 mm diam. cylinders, 17 mg) at 0800 hours, mixed with a small proportion of their feed (100 g). The remaining feed was given immediately after the initial feed and beads were consumed (generally <15 min). Faeces excreted after 24, 28, 32, 36, 40, 48, 52, 56, 60, 72, 76, 80, 96 , and 120 h were collected. Faeces were mixed with water, macerated, filtered through a colander, and the retained beads recovered by floatation and counted. The relationship between cumulative beads collected and time was fitted to a Gompertz function of the form:
which is non-symmetrical about the inflection point m and has asymptotes at cumulative beads = a (approximates zero) and a+c (plateau value for beads collected) (Fig. 1) . Average retention time (t 1/2 ) was calculated as the time taken for half the beads to be recovered and was calculated from the time the pigs were initially offered feed containing beads.
Expt 2
Thirty-six individually housed male pigs (60 kg) were randomly allocated to 1 of 6 diets (Table 1) offered at 1.5 kg/day for 14 days. This level of feeding was chosen as the maximum amount that every pig would consume within 4 h and was lower than that used in Expt 1 since L. albus was included in this study. Pigs spent the first 3 days in an individual pen followed by 11 days in a metabolism cage. The diets used in this experiment differed from that used in Expt 1 in that the diets were balanced for digestible energy (DE) and amino acid content and the inclusion rate of grain legume was reduced to 350 g/kg. Additional diets containing L. albus seeds and kernels were also included. For full description of composition of diets and individual lupin fractions see King et al. (2000) . Briefly, the L. angustlifolius contained 260 and 172, and 58 and 32 g/kg of neutral-and acid-detergent fibre in the whole seed and kernal, respectively, whereas the L. albus contained 215 and 136, and 87 and 31 g/kg of neutral-and acid-detergent fibre in the whole seed and kernal, respectively (King et al. 2000) . Feeding of beads, faecal collection, and data analyses were similar to Expt 1, except faecal collection continued for 144 h. Feed containing beads was given on Day 4 of the study and faeces were collected as outlined for Expt 1. From Day 10 total faecal output was collected daily, frozen, and then bulked for each pig at the end of the collection period before being subsampled and freeze-dried. The gross energy of all diets, ingredients, and freezedried faeces samples were determined in an adiabatic bomb calorimeter.
Expt 3
36 individually housed male pigs (75 kg) were randomly allocated to 1 of the 6 diets used in Expt 2 (Table 1) which were offered ad libitum for 28 days. Pigs were acclimated to the diets for 2 weeks before being placed in metabolism cages for 1 week. After 1 day in the metabolism cages, 30 g of beads were fed in the morning with an amount of feed estimated to be consumed over an 8-h period. At the end of the 8-h period, any feed and beads were removed (to determine the number of beads not consumed) and fresh feed offered ad libitum. Faecal collection and data analyses were similar to Expt 2. After the pigs were removed from the metabolism cages they were housed in individual pens and offered their diets for a further 7 days until slaughtered at a commercial abattoir. Forty-eight and 24 h before slaughter, pigs were offered 30 g of white and yellow beads, respectively. Beads were fed in the morning with an amount of feed estimated to be consumed over an 8-h period. At the end of the 8-h period, any feed and beads were removed (to determine the number of beads not consumed) and fresh feed was offered ad libitum. The gastro-intestinal tract was collected at slaughter and sectioned into stomach, small intestine, caecum, and colon. The colon was separated from mesentery, and sectioned in half into the proximal and distal colon. These sections of the gastrointestinal tract were weighed, contents removed and weighed, and beads recovered as for faecal samples. For all measures, time zero was assumed to be the time that the pigs were initially offered feed containing beads.
Statistical analyses
For Expt 1, data were analysed by ANOVA with the main effects being diet (wheat, peas, and L. angustifolius). Within L. angustifolius, the analyses also partitioned the effects into lupin part (whole seed or kernel). Exp 2 and 3 were analysed by ANOVA with the main effects being diet (animal protein, peas, or lupins). Within lupins, the analyses partitioned the effects into a 2 × 2 factorial with the respective factors being lupin type (L. angustifolius or L. albus) and part (whole seed or kernel). Where data were not normally distributed, logarithmic transformations were applied.
Results
In Expt 1, the mean retention time (t 1/2 ) of diets containing 400 g/kg of L. angustifolius seeds or kernels was significantly greater than those containing wheat alone (65.4 The diets used in Expt 2 were formulated to be balanced for lysine and DE content for the conduct of an experiment to determine the productive energy content of the various grain legumes (King et al. 2000) . However, the DE contents of the diets differed, with the lupin diets having a higher DE content than the other diets and with the L. albus diets tending (P = 0.056) to be higher in DE than the L. angustifolius diets (Table 2 ). This experiment also differed from Expt 1 in that the inclusion rate of the grain legumes was decreased to 350 g/kg and the feed offered decreased to 1.5 kg/day in order to ensure that feed intake was not a confounding factor. These modifications were made so that L. albus could be included in the study, since preliminary work had shown that pigs would not consume more than 1 kg/day of a diet containing 400 g/kg of L. albus. Unlike Expt 1, there was no difference in retention times between the wheat, pea, or either of the L. angustifolius diets (Table  2) . However, the retention times of the diets containing L. albus were greater (P < 0.05) than the other diets, although there was no difference between the whole seed or the kernel. This is clearly indicated in Fig. 2 where the Gompertz function curves relating beads recovered and time are given for each of the diets. Interestingly, although there was almost >90% quantitative recovery of beads in pigs consuming the wheat, pea, and L. angustifolius diets, 30% of consumed beads were still retained in the gastro-intestinal tract of pigs consuming L. albus diets, even after 144 h post feeding. In Expt 3, daily gain of the pigs fed diets containing lupins, particularly L. albus, were significantly lower than in pigs consuming the diet containing no lupins (Table 2) . There was no effect of dehulling on daily gain. Feed intake was lower in pigs fed lupins than in pigs fed the animal protein diet, particularly in pigs fed L. albus. Dehulling tended to increase (P = 0.053) feed intake. The feed conversion ratio tended to be higher in pigs fed diets containing lupins (P = 0.060) but there was no difference between the lupin varieties (P = 0.74). Feed conversion ratio was increased (P = 0.035) by dehulling. Retention time was greatest in pigs consuming diets containing L. albus (Table 2, Fig. 3 ). There was no significant effect (P = 0.28) of dehulling on retention time. The hypothesis that delayed retention time may contribute to the reduced feed intake in pigs consuming diets containing L. albus was supported by the inverse relationship between retention time and feed intake (Fig. 4 , R = -0.89, P = 0.018).
The weight of contents in the stomach and small intestine was greater in pigs fed diets containing lupins, particularly L. albus (Table 3) . There was no effect of diet on liver weights. While there were no overall effects of dietary lupins on caecal or colon contents, pigs fed diets containing whole lupin seeds had more caecal (P = 0.067) and proximal colon (P = 0.017) contents than pigs fed diets containing lupin kernels, peas, or animal protein. Weights of total intestinal contents were greater in pigs fed lupins, although there tended to be interactions such that the weights of gastrointestinal tract contents of pigs consuming the L. angustifolius whole seed diets were similar to the L. albus diets, whereas the L. angustifolius kernel diets were similar to the pea and wheat diets. These data suggest that for pigs consuming L. albus diets, digesta is retained within the gastro-intestinal tract, particularly in the stomach.
Supporting data for delayed digesta transit in pigs consuming L. albus diets is provided by the distribution of beads in various segments of the gastro-intestinal tract 24 and 48 h after feeding (Table 4 ). The proportion of beads still in the stomach 24 h after feeding was greater (P = 0.028) in the pigs consuming diets containing lupins (Table 4) . A similar trend (P = 0.088) was observed for pigs fed diets containing L. albus 48 h after feeding of beads. Likewise, there was a greater proportion (P = 0.011) of beads retained in the small intestine of pigs 24 h after consuming L. albus diets. There was a greater proportion (P = 0.012) of beads present in the distal colon of pigs fed diets containing animal protein 24 h after feeding than in pigs fed other diets.
Discussion
In the present study, inclusion of L. albus consistently increased mean retention time, reduced feed intake, and reduced daily gain whether fed as whole seeds or kernels. Dehulling lupins appeared to increase feed intake but had no significant effect upon retention time. Interestingly, dehulling increased feed conversion ratio, suggesting that diets containing lupin kernels are used less efficiently than those containing whole seeds. However, it is possible that at least some of the decreased efficiency in pigs fed lupin kernels, compared with whole seeds, may be due to a reduced gastro-intestinal tract volume contributing to liveweight in pigs fed kernels. Much of the neutral detergent fibre and crude fibre is removed with the separation of the testa. However, other dietary fibre fractions such as soluble and insoluble non-starch polysaccharides and oligosaccharides are found in appreciable quantities in the kernel and are likely to be responsible for the increased hind gut fermentation and poor efficiency of energy utilisation observed with lupin seed and, more particularly, kernels. These fractions, particularly non-starch polysaccharides, may hinder the action of digestive enzymes in the small intestine and affect microbial activity, and interfere with hind-gut digestion (van Barneveld et al. 1995) . Wigan et al. (1994) suggested that the levels of oligosaccharides in lupins influence the nutritive value of lupins because the oligosaccharides are largely undigested in the small intestine but are highly fermented in the hindgut. The levels of these oligosaccharides in lupins are not dissimilar to those contained in soybean meal (Bach Knudsen 1997) and thus it is difficult to single out oligosaccharide concentration as the primary cause for the reduced nutritive value of lupins. Also, the levels of these oligosacharides and composite sugars are very similar for both L. angustifolius and L. albus (van Barneveld 1999) and it is difficult to attribute the differences in retention time between the 2 lupin species to their oligosaccharide content. It is more likely that differences in the physico-chemical properties, such as solubility, viscosity, or water-binding capacity of the fibre fraction of the 2 types of lupins are responsible. For example, increased viscosity can be associated with reduced nutrient absorption weight (Annison and Choct 1991) and increased intestinal weight (Elsenhans and Caspary 2000) and may also increase retention time. Of course, it is also possible there may be differences in how the composite sugars are complexed to form oligosaccharides and these may contribute to differences in perhaps viscosity and retention time. Interestingly, van Barneveld et al. (1996) used an ethanol extraction procedure to remove oligosaccharides from lupins and found the subsequent reduction in oligosaccharides improved the DE content of diets containing both L. angustifolius and L. albus. The complex carbohydrate profile appears to be the major constraint to the nutritive value of lupins for pigs because of its influence on retention time, feed intake, and the digestion of energy and other nutrients.
The hypotheses which these series of studies addressed was that the reduction in feed intake observed in pigs consuming diets containing L. albus was due to an increase in retention time through delayed digestion and fermentation in the hindgut. King et al. (2000) fed the same diets used in Expts 2 and 3 to grower pigs (30-60 kg) and found that gut fill was markedly increased and dressing percentage reduced in pigs consuming lupins, particularly L. albus. The strong inverse relationship between feed intake and retention time (Fig. 4) suggests that delayed digestion could be inhibiting feed intake. However, the slaughter data suggest that the actual site of delay in retention may be the stomach and small intestine rather than the hindgut, although the latter cannot be discounted. Thus, animals consuming diets containing L. albus had a greater mass of digesta and a higher proportion of beads in the stomach and small intestine at slaughter than pigs fed the other diets despite these pigs having the lowest feed intake. Delayed transit in the stomach and small intestine is the most likely mechanism by which L. albus affects VFI, possibly through feedback on satiety signals.
Extensive hindgut fermentation will result in production and absorption of volatile fatty acids (VFA) such as acetate, propionate, and butyrate (Giusi-Perier et al. 1989; Govers et al. 1999) . Acetate and propionate have been found to reduce feed intake when included at 30 g/kg in the diet of chickens (Pinchasov and Elmaliah 1994) . Also, intra-rectal administration of acetic acid to rats to increase colonic acetic acid concentrations to high physiological levels can cause colitis and a reduction in feed intake (McHugh et al. 1993) . Finally, a high rate of production of propionic and butyric acids has been implicated in an increased retention time in humans fed high fibre diets (Cherbut et al. 1991) . Therefore, it is possible that excessive VFA production may inhibit feed intake and/or increase retention time in pigs fed lupins.
Other possible factors responsible for the reduction in feed intake in pigs consuming lupins, apart from delayed transit time, may include high manganese and alkaloid levels, low methionine levels, saponins, tannins, and other antinutritional factors. L. albus is a manganese accumulator and it has been suggested that high manganese may reduce VFI. However, King (1981) found that supplementation of L. angustifolius diets with up to 1260 mg/kg Mn had no effect on feed intake or growth. Feed intake and growth were reduced in both basal lupin seed meals and there was no further effect of increasing level of Mn. More recently, researchers at Washington State University (Muirhead 1989) have confirmed that inclusion of Mn into control diets (soybean) to the same level as that seen in L. albus diets had no effect on feed intake, whereas L. albus inclusion reduced VFI in a dose-dependent manner. Therefore, excessive Mn levels in lupins do not appear to be the cause of reduced VFI.
Lupin seeds can contain alkaloids which can have detrimental effects on animal performance and VFI. Pearson and Carr (1977) reported that young pigs rejected diets containing 330 mg/kg of lupin alkaloids, but not feed containing 70 mg/kg of alkaloids. More recently, Godfrey et al. (1985) replaced low alkaloid L. angustifolius with a high alkaloid L. angustifolius in diets equalised for DE, protein, lysine, and methionine. In both young and grower pigs there was a reduction in VFI when total alkaloid levels rose above 200 mg/kg. Alkaloid levels have been reduced through breeding strategies and are currently around 200 and 100 mg/ kg for L. angustifolius and L. albus, respectively. Therefore, even at inclusion levels of 300 g/kg of lupin kernels it would be unlikely that alkaloid levels would approach 200 mg/kg and so there must be some other component of lupins causing this reduction in VFI.
Lupins contain a low amount of methionine relative to total nitrogen and it has been suggested that this may be the cause of reduced VFI. However, even when synthetic methionine is included in the diet there is still a reduction in VFI. Lupins also contain saponins that have bitter and astringent characteristics and can perhaps decrease palatability and VFI. Tannins and condensed tannins are present in lupins at relatively low levels and are probably not implicated in the reduction in VFI. Furthermore there do not appear to be any heat-labile antinutritional factors in lupins since heating has no effect on their nutrient digestion (Batterham et al. 1986) .
Inclusion of L. angustifolius at 400 g/kg in a wheat-based (560 g/kg wheat) diet decreased mean retention time over wheat alone or wheat plus pea diets. However, when included at 350 g/kg in diets containing animal protein supplements in addition to wheat (470 g/kg), there was no effect on retention time. These findings suggest that there may be some interaction between the L. angustifolius and wheat at high inclusion rates but not at lower inclusion rates. Similarly, production responses to the inclusion of L. angustifolius in pig diets can be impaired if the overall non-starch polysaccharide content of the diet, from both lupins and cereal grain, is high. van Barneveld et al. (1997) determined the apparent ileal amino acid digestibility and digestible energy of wheat, barley, triticale, and L. angustifolius and then formulated diets to contain 500 g/kg of each cereal, respectively, and 350 g/kg of lupins. Although diets were equalised for ileal digestible amino acids, a highly significant difference was observed in the empty bodyweight gain of pigs fed the diet containing lupins plus barley compared with lupins plus wheat and lupins plus triticale, respectively (van Barneveld 1999) . Based on the original diet formulations, all pigs should have grown at the same rate if the apparent ileal lysine digestibility and DE values were additive when the lupins and cereals were combined in a mixed diet. It appears that the anti-nutritive effects of soluble and insoluble NSP from lupins and barley are amplified when these feed ingredients are combined. A similar phenomena may have occurred in Expt 1 where the combined NSP levels of the wheat plus L. angustifolius diets were much higher than the wheat or wheat plus pea diets. On the other hand, King and Taverner (1975) found that inclusion of L. angustifolius at 100 g/kg in a wheat diet or 200 g/kg in either barley or oat diets had no effect on mean retention time.
Another possible explanation for the differences between Expts 1 and 2 could be that the pigs in the former experiment were offered more feed (1.8 v. 1.5 kg/day) containing a higher level of L. angustifolius (400 v. 350 g/kg) and so consumed more total L. angustifolius.
In conclusion, it appears that diets containing high levels of lupins, particularly L. albus, have a slow transit time which, in turn, may reduce feed intake and growth performance. The strong inverse relationship between feed intake and retention time suggests that delayed digestion could be inhibiting feed intake. However, the increased retention of digesta in the foregut suggests that the actual site of delay in retention may be the stomach and small intestine rather than the hindgut. Appropriate physical treatment or enzymatic supplementation of L. albus diets may alleviate some of the feed intake problems. Alternatively, genetic selection against specific NSPs may increase the use of L. albus for pig diets.
